Wild emmer wheat (Triticum turgidum ssp. dicoccoides, WEW) was shown to exhibit high grain protein content (GPC) and therefore, possess a great potential for improvement of cultivated wheat nutritional value. A recombinant inbred line (RIL) population derived from a cross between T. durum var. Svevo and WEW acc. Y12-3 was used for construction of a high-density genetic map and genetic dissection of GPC. Genotyping of 208 F 6 RILs with 15K wheat SNP array yielded 4,166 polymorphic SNP markers, of which 1,510 were designated as skeleton markers. A total map length of 2,169 cM was obtained with an average distance of 1.5 cM between SNPs. A total of 12 GPC QTLs with LOD score range of 2.7-35.9, and PEV of 2.6-26.6% were identified under five environments. Major QTLs with favorable alleles from WEW were identified on chromosomes 4BS, 5AS, 6BS and 7BL. The QTL region on 6BS coincided with the physical position of the previously cloned QTL, Gpc-B1. Comparisons of the physical intervals of the GPC QTLs described here with the results previously reported in other durum×WEW RIL population led to the identification of four common and two homoeologous QTLs. Exploration of the large genetic variation within WEW accessions is a precondition for discovery of exotic beneficial alleles, as we have demonstrated here, by the identification of seven novel GPC QTLs. Therefore, our research emphasizes the importance of GPC QTL dissection in diverse WEW accessions as a source of novel alleles for improvement of GPC in cultivated wheat.
Introduction

1
Common wheat (Triticum aestivum L.) is one of the most important crops with world production of more than 770 2 million tons harvested over 220 million hectares of land area in 2017 (OECD/FAO 2018) . Wheat is a rich source of 3 carbohydrates, however wheat grains contain rather moderate amount of proteins, which is ranging from 9 to 15% 4 only (Shewry and Hey 2015) . Grain protein content (GPC) shapes the diet nutritional value important for human covered 2,168.6 cM with approximately equal length for the A (1,091.7 cM) and B genomes (1,076.9 cM) ( Table S1 ). The length of the individual chromosome maps ranged, from 114.2 cM (1A) to 188.5 (5A) and the 1 1 2 number of skeletal markers ranged from 78 (4B) to 148 (2B). In total 117 (4.04%) non-recombinant chromosomes 1 1 3
were observed among 208×14=2,912 RIL × chromosome combinations (Table 2) , of which 50 were homogeneous 1 1 4
for the WEW parental alleles and 67 for the durum parental alleles. The highest numbers of non-recombinant 1 1 5 chromosomes were found for chromosomes 1B (28) and the lowest for 7A (2). Genome A showed significant 1 1 6 (P≤0.05) higher number of non-recombinant chromosomes compare to the B genome. A significant negative 1 1 7 correlation, R=-0.78 (P<0.05), was found between the proportion of non-recombinant chromosomes and the length 1 1 8 of the individual chromosome maps (Fig. S1) . A total of 505 (33%) skeletal loci showed significant (P≤0.05) 1 1 9 segregation distortion (Fig. S2) , 71 loci in favor of Y12-3 and 434 loci for Svevo. Moreover, an extremely higher 1 2 0 number of these loci was from the B genome than the A genome (351 vs 154). The highest number of distorted 1 2 1 markers (87) was found for chr. 2B, while chr. 4B did not show any distorted marker. More than 93% of the markers 1 2 2 (3882 out of 4164) mapped in the S×Y population were anchored to the reference genome of tetraploid WEW (Avni 1 2 3 et al., 2017) (Table S1 ). High collinearity with average rank correlation coefficient of 0.98 was observed between 1 2 4 the genetic and the physical positions of the mapped SNPs (Fig. S3 ).
2 5
GPC of the RIL population 1 2 6
The wild parent Y12-3 showed on average ~42 % higher GPC than Svevo (21.4 vs. 15.1), under all five 1 2 7 environments (ET, K_WL, K_WW, S_WL, and S_WW) (Table 3) , while the RILs exhibited a wide range 1 2 8 (13.9─29.2) under the five environments over 2 years (Fig. 2, Table 3 ). GPC of parental lines and RILs was lower 1 2 9
under the green-house conditions (S_WL and S_WW) compared to the field conditions (ET, K_WL, and K_WW).
3 0
The highest GPC values for the RILs was obtained under ET (21.8), while the lowest GPC was detected under 1 3 1 S_WL (17.9) (Fig. 1, Table 3 ). Transgressive segregation of GPC was obtained for the RIL population only under 1 3 2 K_WL environment, whereas under other four environments GPC of Svevo was lower than that of RILs (Fig. S4 ).
3 3
GPC values across the five environments approximately fits normal distribution under all environments (Fig. S4 ).
3 4
Analyses of variance (ANOVA) showed highly significant effects (P≤0.001) for genotype, irrigation regimes, and 1 3 5 environments for GPC (Table 3) , while the genotype × environment interactions were not significant. Heritability 1 3 6 (h 2 ) calculated across environments was relatively high (0.77) ( Table 3) .
3 7
Identification of GPC QTLs 1 3 8
A total of 12 significant GPC QTLs were detected in the S×Y RIL population with LOD scores range of 3.6-27.8 1 3 9
and percent of explained variation (PEV) range of 0.6-24.4% ( genome B (Table 4 ).
4 6
Candidate gene analysis 1 4 7
The anchoring of the genetically mapped SNP markers into the physical position of WEW Zavitan pseudomolecules 1 4 8 (Table S1 ) enabled us to define the physical intervals for each QTL (Table 5 ) and reveal genes residing within each 1 4 9
interval (Table S2) (Table 5, Table S2 ). Of special interest are genes that are involved in transport and metabolism of nitrogen as 1 5 3
potential CGs (Table S3) . We have detected a total of 53 such CGs for the 12 detected QTL intervals (Table S3) .
5 4
The 20 most promising CGs are presented in Table 6 .
5 5
Comparison of GPC QTLs from two T. durum x WEW RIL populations 1 5 6
We have compared the results of the GPC QTL analysis obtained in the current study for the S×Y population with of 12 QTLs identified in the current study 1 6 0
were co-localized with QTLs identified in L×G population ( 
6 3
We consider QGpc.uhw-3A and QGpc.uhw-5A.1 in S×Y population as possible homoeologous for 3B.3 and 5B.2
6 4
QTLs in L×G population, respectively (Table S2) . Interestingly, QTL QGpc.uhw-5A.1 located on 5AS was co- fine mapping of the target QTLs.
9 5
GPC QTLs were reported previously for each chromosome of tetraploid and hexaploid wheat (Quraishi et al. 2017 ).
9 6
Similarly, we detected GPC QTLs in 10 out of 14 chromosomes of tetraploid wheat. Our results showed clear 1 9 7
advantage of WEW alleles for increasing GPC, compared to the corresponding durum allele, although Svevo is
showing above average GPC for elite durum cultivars (Blanco et al. 2012) . It is important to note that although 1 9 9
WEW genepool was shown to be a valuable source for improving wheat GPC ( 
0 8
Nevertheless, the identification of co-located QTLs among the large number of publications is restricted by the 2 0 9
absence of consensus positions for many of the published markers. In the current study, we were able to compare the 2 1 0 physical QTL intervals, and the CGs that reside there, between the L×G and the S×Y GPC QTL maps, since the 2 1 1 genetic markers were efficiently anchored to the reference Zavitan assembly of WEW. We found four possible 2 1 2 common and two possible homoeologous QTLs between these two populations, as well as seven QTLs from S×Y 2 1 3 population that were novel compared to L×G population. Since these two populations were developed using distant Table S1 . Genetic and physical positions of the mapped SNPs 
